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A B S T R A C T
The upkeep of existing buildings has a great role to play in reducing the carbon emissions of the built environ-
ment. Façade upgrade represents one of the most effective interventions to improve both thermal efficiency
and aesthetic appeal of existing buildings. Double Skin Façades (DSFs) have much to offer due to their use of
solar and wind energy to passively heat and cool indoor spaces, whilst guaranteeing freedom and flexibility in
the aesthetic design of the refurbished building. However, DSFs also bear an increase in the embodied energy
and carbon due to the additional materials required for the extra skin throughout all life cycle stages.
In this article, life cycle assessment (LCA) and dynamic energy modelling have been combined through
a parametric approach to obtain figures for the whole-life cycle carbon assessment of 384 different config-
urations of an innovative, timber-made DSF for UK low-carbon refurbishments. Additionally, the structural
design of the façade was also investigated through a structural optimisation procedure which takes into ac-
count all relevant loads and ensures minimal use of the structural material. Results show that operational sav-
ings outweigh the embodied impacts and therefore the proposed DSF is a viable and effective solution for net
carbon-negative refurbishments. The operational energy modelling also contributes to the characterisation of
DSFs thermal behaviour in temperate climates.
© 2017.
1. Introduction
Building-related carbon emissions in the UK total over 200
MtCO2e, which represent more than 40% of the national figure [1].
Most of these emissions come from the operation of existing build-
ings, and are primarily related to the heating and cooling of indoor
spaces [2]. Façades are at the interface between indoors and outdoors,
and their improvement has been indicated as the most beneficial ac-
tion for energy savings and carbon emission reduction [3].
This paper aims to investigate the potential of double skin façade
(DSF) technologies as a means for low-carbon building refurbish-
ments. DSFs are best suited to large, multi-storey buildings with clear
demands for heating and cooling [4–6]. Therefore in this article their
application to non-domestic refurbishments is examined. Non-domes-
tic buildings in the UK are replaced at a very slow rate [7], with 75%
of the non-domestic stock being built before 1985 [8]. Projections also
indicate that 75–90% of them buildings will still be standing in 2050
[2].
Despite these convincing figures existing buildings remain often
untouched, with many refurbishments failing to deliver low-carbon
buildings [9,10]. Therefore, finding viable low-carbon ways to refur-
bish non-domestic buildings is a fundamental step to help the UK
progress towards its carbon targets.
∗ Corresponding author.
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A convincing body of literature exists on the energy reduction po-
tential of DSFs [e.g. 11, 12–15], whilst also guaranteeing good lev-
els of internal comfort [e.g. 15, 16–18]. To the contrary, studies on
the use of DSFs in refurbishments are few and far between [e.g. 19,
20–24]. Additionally, a true environmental benefit can only be as-
sessed when the operational savings of specific products or technolo-
gies are compared with the related embodied figures in order to under-
stand the overall performance holistically, through a life cycle assess-
ment (LCA) [25]. To this end, the existing LCAs of DSFs are even
fewer [21,22,26–28], and only two of them [21,22] focus on refurbish-
ments. In those studies, the structural system of the DSF is made, re-
spectively, of aluminium and steel.
This research uses those studies as a basis for comparison to in-
vestigate the whole-life carbon emissions of a DSF with a timber
structure. To the authors' knowledge, this kind of façade has not yet
been employed in real projects despite the UK's long tradition of us-
ing DSFs in non-domestic buildings [29,30]. The use of low-carbon
materials is one of the most acknowledged mitigation measures for
carbon reduction [31], and the adoption of timber as the main struc-
tural material can potentially help to further reduce the overall em-
bodied carbon [32], and the lower the embodied carbon the greater
the benefit of the savings on operational carbon. However, there is a
lot of controversy on ‘green’ structural materials [e.g. 33] as well as
on the embodied carbon values of conventional ones [34] and there-
fore a comprehensive whole-life assessment must be carried out to
https://doi.org/10.1016/j.buildenv.2017.07.046
0360-1323/© 2017.
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quantify numerically and rigorously any potential benefit. The next
section explains how this is done in the context of this article.
2. Research design and methods
This article investigates the whole-life carbon emissions of a novel
DSF with a timber structural system, and aims to answer the following
research questions:
(1) Given the boundary conditions of this study, are timber DSFs
more carbon efficient than up-to-standards single skin alternatives
for UK low-carbon non-domestic refurbishments?
(2) All other things being equal, are timber DSFs more carbon effi-
cient than those built with aluminium or steel structural systems?
We will work on the assumption that the timber used is coming
from sustainably managed sources, and therefore a larger use of tim-
ber to potentially mitigate carbon emissions is not causing additional
environmental impacts in other categories, e.g. deforestation.
The LCA is carried out according to international standards for life
cycle analyses [35,36] as well as European and UK standards for the
sustainability assessment of construction works [37,38].
To ensure our findings would not be limited to a very specific
case study building, a generic yet representative building was selected,
which also represents the most common built form within the non-do-
mestic stock in Britain [39–41]. Details are given in Table 1.
The choice of this building implies some important features in
terms of its representativeness, which therefore enables a real use of
the findings from this research. These are:
• Such built form forms the majority of UK non-domestic buildings
[40], and is typical of buildings built between the ‘60s and the ‘90s;
• Across the UK, the majority of non-domestic buildings were built
before 1990 [43];
• Non-domestic refurbishments in the UK mostly involve buildings
precisely in that age band [9].
• The vast majority of UK offices is naturally ventilated and does not
include mechanical cooling [9], and when this has been included it
ended up accounting for more of the 30% of the total CO2 emis-
sions [44]; therefore, natural ventilation will be the cooling strategy
adopted in this research which well conforms to the capability of
DSFs [16,18,45].
The building model equipped with the DSF is also characterised by
the following elements:
• an extended solar chimney (i.e. the DSF exceeds by 1.5 m the to-
tal building height) to guarantee a residual stack effect to reduce the
risk of overheating of the top floor—similar values have been used
by academics and practitioners alike [16,46];
• shading devices in the cavity (in the form of light coloured venetian
blinds) which lower when the solar radiation in summer reaches the
threshold of 300 W/m2;
Table 1
Details of the building model used in this research.
Element Details
Number of storeys 9
Building footprint (66.6 m × 16 m) 1065 m2
Total gross floor area 9585 m2
Window to Wall Ratio (WWR) 0.25 [42]
Ventilation Natural
Floor to ceiling height 3.5 m
• operable inlets and outlets of the cavity through a building manage-
ment system (BMS) to respond to seasonal and climatic variations
and exploit the full potential of the DSF [45].
The BMS contributes to the natural ventilation of the building
throughout the year. When windows are open, the fresh air entering
the building largely exceeds the fresh air supply requirements, thus
representing a thermally viable and comfortable environment. To en-
sure that enough fresh air would also enter the building when win-
dows are closed, infiltration rates have been used. The fresh air sup-
ply rates [10 l/s per capita] are taken from CIBSE Application Manual
10—Natural Ventilation in Non-domestic Buildings— [47] as recom-
mended by the UK Government [48]. These rates have then been used
in combination with volumes of internal spaces to determine the infil-
tration rates. The resulting air changes per hour (ach) values are in line
with existing values and recommendations for commercial buildings
published in an infiltration-focused analysis [49].
The dynamic thermal modelling has been carried out in IES VE
[50,51], which has previously and successfully been used in DSFs
studies [19,20,52,53]. Details of the thermal modelling are given in
Table 2 and Table 3.
To ensure representativeness of the study across the UK, three geo-
graphical locations have been selected. They have been chosen to rep-
resent the variety of the UK climate across its regional zones. Namely,
they are:
Zone 1. London in Southern England: this region is the part of the UK
closest to continental Europe and as such can be subject to continental
weather influences resulting in a drier, warmer, and sunnier weather
profile than those further west and north [54].
Zone 2. Manchester in North West England: this region includes both
the coldest and wettest places in England [54].
Zone 3. Glasgow in West Scotland: this region is one of the windiest
parts of the UK [54].
The weather files used were the Example Weather Year (EWY)
available in IES for the three chosen locations. Furthermore, to en-
sure representativeness of multiple DSF/building combinations, multi-
ple DSF systems have been simulated. The parameters considered and
the values within which they could vary are given in Table 4.
Table 2
Heat transfer coefficients for elements of the building fabric.
Element of the building fabric U-value [W/m2 K]
Roof 0.18
Ground floor 0.22
External walls 0.26
External windows 0.25
DSF glazing 1.60
Floor to ceiling height 4.62
Table 3
Dynamic simulation settings.
Settings for the dynamic simulation Option used
Heating and occupancy profile ASHRAE 8am-6pm M-F
Heating set point 19.5 °C
Heating system Radiators
Internal gains 21.5 W/m2
Max sensible people gain 73.2 W/person
Occupancy density 13.93 m2/person
Infiltration max flowrate 0.4 ach
External windows open at 22 °C
Cavity opens at 15 °C or 20 °C outside temp.
UN
CO
RR
EC
TE
D
PR
OO
F
Building and Environment xxx (2017) xxx-xxx 3
Table 4
Parameters and their range of variation considered in this research.
Parameter Range of variation
Cavity width Between 0.4 m [narrow cavity] to 1.0 m [wide cavity]
Internal layout Cellular and Open plan
Glass coating Clear and Coated (low-e)
DSF Glass type Between 12 mm [monolithic tempered] and 17.52 mm
(8 mm+8 mm + 1.52 PVB) ]tempered laminated]
Building/DSF
orientation
N; NE; E; SE; S; SW; W; NW
The total number was spread evenly across the three locations, re-
sulting in 384 simulations for each geographical site. This has been
done through the parametric batch tool available within IES VE [55].
In addition to simulating each specific building with the DSF, also the
corresponding single-skin building was modelled in order to establish
the difference in terms of operational energy demand.
3. Structural design and optimisation
This section clarifies the various aspects involved with the struc-
tural design and optimisation underpinning the timber DSF designs
that have been adopted in this study. To allow for a comparison of per-
formances with existing DSF schemes, i.e. made with a steel or alu-
minium structure, the dimensions of the glazing and spacing between
the glass-to-timber connections are taken from previous DSF studies
[21,22]. The resulting design of the timber DSF system is shown in
Fig. 1, and it corresponds to a functional unit (FU) 5.25 m2 of DSF.
3.1. Design values of loadings and material strength
In order to come up with a structural design solution, the set of
loadings expected to act on the structure must be known/given. The
characteristic values of wind pressure load vk = 1.01 kN/m
2 (London);
1.14 kN/m2 (Manchester) and 1.50 kN/m2 (Glasgow) are derived by
applying the procedure provided in Refs. [56,57]. The characteristic
value of permanent load gk = 0.39 kN/m
2 for the glazing weight is re-
trieved from Ref. [58] whilst the self-weight of the studs, Gk, is set ac-
cording to their material density, ρk = 380 kg/m
3 as given in Ref. [59]
for a homogeneous Glulam member of Strength-Class 24.
These characteristic values are then converted to design values (in-
dicates here with a subscript “d”) by considering the appropriate par-
tial safety factors according to [60]. By assuming a 25-year life span
for the DSF structure, the Ultimate Limit State (ULS) design values
for permanent loads (weights) and variable loads (wind) are obtained
by increasing the corresponding characteristic values by 35% and 50%
respectively.
As illustrated in Fig. 2, the horizontal pressure load induced by
wind action, and the vertical load due to the weight of the glazes, are
both transferred to the Glulam studs as point loads (Vd and Pd respec-
tively) in correspondence of each glaze-to-timber connection:
As for loading, the characteristic values of strength, fm,k = 24 kN/
m2 for bending strength and fc,0,d = 24 kN/m2 for compressive
strength parallel to the grain direction (both given in Ref. [59]) for
Strength-Class 24 Glulam, are converted to design values as follows:
in which γM is a partial factor for material property (= 1.25 for Glu-
lam [61]) whilst kmod is a factor taking into account the effect of load
duration and moisture content.1 According to Eurocode 5 (EC5) [62],
for instantaneous loads, such as wind pressure, a value for kmod = 1.1
is provided, whereas for permanent loads kmod is reduced to 0.6. As
explained in the following subsection, bending stresses within the glu-
lam studs are solely due to the action of wind load, while axial stresses
parallel to the timber grain direction only arise for effect of permanent
loads. On these basis, a value of kmod = 1.1 is to be set in Eq. (2) and
kmod = 0.6 in Eq. (3).
3.2. Structural scheme and members reaction forces
Assuming the DSF structural system as made by a series of (one
storey high) glulam studs, aligned on top of one another and connected
to the building structure by a system of braces, then the maximum
bending moment, Mmax, around the y-y section axis (see Fig. 3) oc-
curs at the stud's mid-point. Such a bending moment is only function
of the three horizontal point loads, Vd, generated by the effect of wind
pressure acting on the portion of glazing area supported by the single
stud (1.5 m × 3.5 m). Contrarily, the compressive reaction force Nd,
reduces for studs positioned at higher floor levels, whilst it increases
for studs positioned at the façade's bottom level and will be maximum
for the studs placed in correspondence of the ground floor. Each one
of these studs will have to withstand the weight of the vertical strip of
glazing area ranging for entire height of the façade.
It is worth noting that the described structural scheme, allows for
the DSF self-weight (glazing plus supporting structure) to be entirely
transferred directly to the ground, hence making it particularly suitable
for buildings retrofit, where adding additional weight to the existing
building structure may not always be a viable option.
3.3. Structural analysis
For structural members subjected to combined compression and
bending around the major cross-sectional axis, as the case, EC5 re-
quires the following inequality to be verified:
in which σm,d and σc,0,d are the bending stress and compressive stress
respectively:
1 The strength of timber-based products reduces over time as the duration of
applied loads and percentage of moisture content increases.
(1)
(2)
(3)
(4)
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Fig. 1. DSF with a timber structural system.
Fig. 2. Structural scheme and reaction (bending moment and axial force) diagrams of the timber DSF system.
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Fig. 3. Detail of the glass-to-timber connection, reference cross-sectional axes and
nomenclature.
while kcrit and kc,z are reduction factors taking into account instability
effects, respectively, in terms of lateral torsional buckling and flexural
buckling around the section's weak axis (z). The value of kc,z will de-
pend on the stud's relative slenderness around the z axis of the section,
λrel,z, which in turn is function of the stud's effective length, Le,z, about
the weak axis of the section. Assuming the glaze-to-timber connec-
tions as being capable (working in conjunction with the glazes) of re-
straining the studs against horizontal movements, then, Le,z can be set
equal to the spacing between two consecutive connections (1.166 m).
The value of kcrit will depend instead on the relative slenderness in
bending of the stud, λrel,m [62]:
which in turn is function of the elastic critical bending stress (σm,crit).
For Glulam members with rectangular section σm,crit is given by the
following relation [62]:
in which E0.05 and G0.05 are the 5-percentile Young and shear mod-
uli, given in Ref. [59], while the effective length, Lef, will depend on
the shape of the bending moment diagram and end-fixing conditions.
Assuming the bracing system provides restrain to the studs against
horizontal movements, as well as restrain against lateral rotation (i.e.
around the stud's centroidal axis) then, Lef will be equal to length of
the stud (3.5 m).
Depending on the value of the relative slenderness for bending,
λrel,m, three different relationships are given in EC5 to derive the cor-
responding kcrit value:
• λrel,m ≤ 0.75 ⇒ The stud has enough torsional stiffness not to buckle
laterally: kcrit = 1
• λrel,m > 1.14 ⇒ The stud will fail solely by elastic lateral torsional
buckling: kcrit = 1/λ
2
rel,m
• 0.75 ≤ λrel,m ≤ 1.14 ⇒ Failure will be initiated by inelastic mater-
ial response, eventually leading to a buckling-related failure mode:
kcrit = 1.56–0.75 λrel,m
3.4. Section optimisation
In order to find an optimal cross-sectional design for the glu-
lam studs, i.e. one for which the inequality given in Eq. (4) is ful-
filled, and at the same time the section area (A = b·h) is at its min-
imum, the entire design space of {b,h} configurations, bounded by
25 mm ≤ b ≤ 300 mm and 25 mm ≤ h ≤ 300 mm, has been searched.
Indicating the inequality given in Eq. (4) as a continuous function f (b,
h), then, the optimisation problem can be formally stated as follows:
which was solved by sampling the design space with a discrete set
of {b, h} values spaced at intervals of 0.1 mm in both dimensions,
hence computing the corresponding f (b, h) value for each sample
and discharging those {b, h} configurations for which the optimisa-
tion constraint in Eq. (8) was not fulfilled. A discrete representation
of f (b, h) ≤ 1 obtained from the described sampling procedure is
shown in Fig. 4-a; as expected, the region of feasible design solutions
is lower-bounded by the curve:
and the optimal {b, h} pair of values will lie on such a curve.
Fig. 4-b shows that such lower-bound curve is a piecewise of three
different functions whose sub-domains are dictated by the value of rel-
ative slenderness for bending λrel,m. That is to say, the sub-domains are
dictated by the type of failure expected to occur for that given section
geometry. Namely, this can be due to (1) internal stresses reaching the
material strength limit, (2) elastic lateral torsional instability, or (3) a
combination of both.
The discrete set of {b, h} values defining f (b, h) = 1 has been com-
puted for different values of characteristic wind pressure, vk, and it is
reported in Fig. 5-a, where it is expressed in the form:
From these (discrete) curves it was then possible to extrapolate the
pairs of {b, h} values for which the section area is at its minimum (as
shown in Fig. 5-b). Rounded-up values for the glulam stud section (re-
ported in Table 5), were considered for further calculations.
In addition to the cross-section optimisation for the studs, design
checks were carried out for the bracing system and connections as
well. As shown in Fig. 1, each brace is composed by two structural
plywood plates, connected to each stud with two (8 mm diameter)
bolts or steel dowels in line (i.e. four bolts in line for each connec-
tion). A section breadth of 12 mm (based on nominal thicknesses of
commercially available structural plywood) and a height of 240 mm
for the plywood plates were found to be suitable to withstand the
wind loads for all three of the geographic areas under consideration.
(5)
(6)
(7)
(8)
(9)
(10)
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Fig. 4. Feasible region of design solutions for the stud's cross-section. (a) Discrete representation of f (b, h) ≤1 function. (b) Piecewise ‘nature’ of the function f (b, h) = 1.
Fig. 5. Function f(h) = b computed for different values of characteristic wind pressure according to the geographic location: vk = 1.01 kN/m
2 for London, vk = 1.14 kN/m
2 for Man-
chester and vk = 1.50 kN/m
2 for Glasgow. (b) Optimal cross-sectional area values according to the applied characteristic wind pressure.
Table 5
Optimal (rounded up) values for the stud's cross-section, and corresponding maximum
horizontal deflection, according to the geographic location.
Section
breadth, b
[mm]
Section height,
h [mm]
Horizontal deflection at studs mid-
height, Δmax [mm] Location
50.0 155.0 17.3 London
55.0 165.0 16.20 Manchester
55.0 185.0 15.18 Glasgow
The height size of 240 mm is mainly dictated by the requirements for
minimum distances of fastener spacing, as given in EC5, to avoid brit-
tle-type failure of the connection.
Design checks were also carried for Serviceability Limit States
(SLS) for the timber DSF structure. As pointed out by Honfi and Ov-
erend [63] there is a lack of design guidance in codes with regard to
serviceability limits for structural glass façades and deflection limits
can vary greatly, depending on the particular project at hand. In par-
ticular: “The common opinion is that the deflection of glass itself is
not really a problem” and deflection limits are mainly determined by
“appearance and comfort” issues [63]. The maximum horizontal de
flection, Δmax, has been computed for each of the optimised stud de-
signs and is also reported in Table 4.
4. Results: environmental performance
The results have been divided between the performance of the DSF
during the operational (use) stage, and the embodied impacts across
all other life cycle stages.
4.1. Operational performance
As explained in Section 2, the operational performance has been
investigated in three different zones in the UK. To treat the data sta-
tistically, the results of the dynamic energy simulations have been
analysed and tested against several probability distributions to assess
which one would represent the best fit. These distributions are:
• Normal distribution
• Lognormal distribution
• Weibull distribution
• Epanechnikov kernel distribution
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Fig. 6 shows the cumulative density function (CDF) of the simula-
tions results against the CDFs of all four distributions above.
The figure shows that some distributions approximate the results
better in some parts, and other distributions in other parts. Since there
was not a convincing way to choose a best-fitting distribution graph-
ically, a test on residuals through the goodness of fit (GoF) tool in
MATLAB R2015b was performed. Fig. 7 shows such results for Zone
1.
Fig. 6. Cumulative Density Functions - Simulation results vs. Probability Distributions (Zone 1).
Fig. 7. Goodness of Fit Results (Zone 1).
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The procedure has been repeated across all three zones. Fig. 8 a)
and Fig. 8 b) show respectively CDFs and GoF results for Zone 2,
whereas Fig. 9 a) and Fig. 9 b) refer to Zone 3.
It can be seen from the figures above that the Weibull distribu-
tion is the one that approximates better the simulation results across
zones, with R2 values of 0.99, 0.95, and 0.96 for Zone 1, 2, and 3 re-
spectively. Once the best-fitting distribution was identified, it has been
used to develop a probability density function for the operational en-
ergy of the DSF for each zone. This activity was also carried out in
MATLAB. The probability density function of a Weibull distribution
is defined in MATLAB as:
where λ and k are the two defining parameters called scale and shape
parameter – respectively. These parameters as well as the 95% con-
fidence (α = 0.05) intervals have been also calculated in MATLAB
through the following function:
Numerical values of the parameters and the confidence intervals
are given in Table 6.
Once all parameters are known it is possible to plot the probabil-
ity density function for the operational energy of the DSF across all
zones. This is shown in Fig. 10 a) for Zone 1, Fig. 10 b) for Zone 2,
and Fig. 10 c) for Zone 3.
It might be unusual to see a Weibull distribution used to fit the en-
ergy consumption of buildings. However, as Weibull himself wrote:
“Experience has shown that, in many cases, [the Weibull distribution]
fits the observations better than other known distribution functions.
[…] It is believed that in such cases the only practicable way of pro-
gressing is to choose a simple function, test it empirically, and stick to
it as long as none better has been found” [64, p.293]. This same spirit
has been used in this research.
All DSF configurations have been compared against a correspond-
ing single-skin option in order to determine the difference in opera-
tional energy (OE) consumption and, consequentially, that in terms of
operational carbon (OC). It is worth noting that the Weibull distribu-
tion requires x values > 0. In the context of this research, this means
that all combinations of the DSF outperform the equivalent single-skin
alternative, therefore meaning energy savings over the façade's service
life. The conversion from energy to carbon is based on the 2016 up-
date from the UK Government on GHG emission factors for company
reporting [65]. All 384 numerical results from the simulations as well
as the operational energy and carbon savings are given in full in the
supplementary data linked to this article. Minima and maxima for op-
erational carbon savings across the three zones are given in Table 7.
The great variation in savings is due to the high number of config-
urations assessed and to the fact that a full-factorial parametric study
was carried out. This means that some configurations with a very poor
performance that would not be considered in reality have been also
assessed (OCmin values) and compared to best-case scenarios of opti-
mally configured DSFs (OCmax values).
4.2. Embodied impacts
The embodied impacts for the timber DSF have been calculated in
accordance with the standard BS EN 15978 [38]. Density values for
the types of timber used in this research have been taken from Ref.
[66]. Life cycle stages included span from A (production and construc-
tion process stages) through to C (end of life). Stage D (benefits and
loads beyond the life cycle) has also been considered, but reported
separately. All raw data are supplied in the form of supplementary
material linked to the online version of this article. Such data includes:
• Inventory
• Process flow contributions
• Process impact contributions, and
• Flow impact contributions.
The life cycle of the timber DSF has been modelled in openLCA
v1.6. A mix of source databases have been used to model the product
and processes, and assign environmental impacts to elementary flows.
These are:
• ecoinvent v3 [67].
• Ökobaudat [68].
• Wood for Good [69]
• the European Life Cycle Database (ELCD) [70]
The impact method used was the CML (baseline) v4.4, January
2015. While this method assesses a range of environmental impacts
(whose full details are given in the supporting material), only the one
related to Climate Change – assessed in terms of Global Warming Po-
tential over 100 years in accordance with the IPCC methodology [71]
and measured in kgCO2e – has been further used in this research. Min-
ima and maxima for the embodied carbon are given in Table 8 for both
A-C and A-D scenarios. Benefits in stage D are related to carbon se-
questration of timber, its potential use as energy source once the end
of useful life is reached, and the potential from glass recycling.
It can be seen from the tables that carbon sequestration and other
recycling potentials do not have a great impact in this case. Taking
into account the benefits of stage D produces a moderate variation in
the embodied carbon, ranging between 4.9 and 7.7%. It is also worth
noting that the embodied carbon variation between the three zones is
hardly significant, as it is only affected by transportation differences,
which are much lower than materials' impacts.
To understand the probability distribution of embodied carbon val-
ues a random sampling MonteCarlo technique was used [72] due to
the lower number of combinations that would not allow for a statisti-
cally significant assessment. The results of the random samplings are
shown in Fig. 11 for all three zones.
Fig. 11 clearly shows that there is not a clear spike related to
any values from within the embodied carbon variation range – which
is also rather narrow. For this reason, a uniform distribution can be
safely assumed.
5. Discussion
The whole-life carbon performance of the timber DSF investi-
gated in this research has been established by comparing the opera-
tional carbon savings with the embodied carbon impacts. These re-
sults are shown in Fig. 12. If the operational carbon savings over
the façade's service life outweigh the embodied carbon of that spe-
cific configuration, the whole life carbon (WLC) balance is negative
(11)
(12)
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Fig. 8. (a): Cumulative Density Functions - Simulation results vs. Probability Distributions (Zone 2) (b): Goodness of Fit Results (Zone 2).
(WLC < 0). Alternatively, if the embodied carbon emissions are
greater than the operational carbon saved, then WLC >0.
These two scenarios are represented by the green and red areas of
Fig. 12 – respectively. The two are separated by a 45° line, which di-
vides the chart between areas with a negative and a positive whole
life carbon balance. Additionally, two vertical and two horizontal lines
further delimit the coloured areas, and they correspond to ECmin and
ECmax, and OCmin and OCmax respectively. A double log scale has
been used in the chart, to give some more granularity to the data and
allow to see differences – primarily in terms of embodied carbon. This
is because the operational carbon savings greatly outweigh the embod-
ied carbon impacts for the timber DSF.
Finally, the plots of the probability density functions for the carbon
savings are shown on the right-hand side of each charts in the figure.
This has been done to enable the reader to understand which the most
likely values are within the operational carbon savings range. This has
not been done for the embodied carbon axis because it is well approx-
imated by a uniform distribution (as shown in the previous section)
and, under this assumption, all values within the variation range are
equally likely.
Fig. 12 shows that for all three zones the most likely values for the
operational carbon savings all fall within the green area of the chart.
This means that it is most likely that within each zone the use of the
timber DSF presented in this research has a negative whole life car-
bon balance. Additionally, it is also worth noting that while the red
and green areas similar in size for Zone 2 (b) and Zone 3 (c) they are
plotted on a log-scale chart and therefore the area is not proportional
to the numerical values. For instance, for Zone 3, the red area covers
OC values roughly between 102 and 103, whereas the green area cov-
ers OC values between 103 and 104 – which is greater by an order of
magnitude.
In terms of comparison with alternative materials for the structure
of the DSF, timber shows some promising results. Overall, the em-
bodied carbon of the whole timber DSF is with a bit lower than that
of aluminium structures (average around 1100 kgCO2e) and signifi-
cantly lower than that of steel (average around 1500 kgCO2e). This
is not taking into account potential carbon sequestration of timber,
which would otherwise make timber DSF the structural option with a
significantly lower embodied carbon. In any case, the embodied car-
bon is – on average – one order of magnitude lower than the opera-
tional carbon savings, leaving to the choice of the structural system
a more marginal role to play. However, in order to mitigate carbon
emissions it is important to take advantage of every reduction oppor
tunity, and timber DSFs seem to be preferable over those with a struc-
ture made of either aluminium or steel.
6. Conclusions
This article has investigated the viability of using a DSF with a
timber structure for low-carbon refurbishments in the UK. The DSF
assessed has shown positive and encouraging results in terms of op-
erational savings, embodied carbon, and whole life carbon balance.
More specifically, the amount carbon saved during the use phase dif-
fers by an order of magnitude from the embodied carbon of the façade.
This means that the increase in embodied carbon that the DSF incur
is quickly recovered in the first few years of operation of the façade
by its increased thermal performance. As such, timber DSFs represent
a viable and effective way for low-carbon refurbishments in the UK
and similar contexts, i.e. developed countries characterised by an old
building stock and a temperate climate.
Additionally, this research has also compared the innovative tim-
ber DSF against more traditional ones, which employ either steel or
aluminium as the structural material. On average timber performs
equally or better than the other two materials in terms of impact related
to climate change and global warming. It is also safe to assume that
being a natural material, timber will be characterised by lower impacts
across other environmental impact categories such as, for instance, re-
source depletion or human- and eco-toxicity. However, these impacts
have not been investigated in detail in this article, and they certainly
represent interesting avenues for further research.
Furthermore, to the authors' knowledge, there are no applications
of such timber double skin façade in the built environment. It would
be ideal to collaborate with façade firms and engineers to realise a pi-
lot 1:1 scale prototype and monitor its performance against the results
modelled via dynamic energy simulation tools.
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Fig. 9. (a): Cumulative Density Functions - Simulation results vs. Probability Distributions (Zone 3) (b): Goodness of Fit Results (Zone 3).
UN
CO
RR
EC
TE
D
PR
OO
F
Building and Environment xxx (2017) xxx-xxx 13
Table 6
Parameters of the Weibull distribution for all three zones.
95% confidence intervals
lower upper
Zone
λ (scale
parameter)
k (shape
parameter) λ k λ k
1 75.0028 7.5151 73.9539 6.9542 76.0666 8.1214
2 84.6183 9.4372 83.6699 8.8350 85.5774 10.0804
3 100.6769 6.2741 98.9797 5.8598 102.4031 6.7120
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Fig. 10. (a): Probability density function for the operational energy (Zone 1). (b): Proba-
bility density function for the operational energy (Zone 2). (c): Probability density func-
tion for the operational energy (Zone 3).
Table 7
Minima and maxima of operational carbon savings across the three zones (values in
kgCO2e over the 25 years façade service life).
Zone OCmin OCmax
1 429.4 11937.5
2 118.7 11408.7
3 161.6 15171.1
Table 8
Embodied Carbon minima and maxima for both A-C and A-D scenarios [values in
kgCO2e].
Zone ECmin (A-C) ECmax (A-C) ECmin (A-D) ECmax (A-D)
1 1049.12 1681.69 968.85 1598.69
2 1045.17 1676.23 964.90 1593.23
3 1050.48 1683.24 970.21 1600.23
Fig. 11. Random samplings of embodied carbon values for Zone 1 (a), Zone 2 (b), and
Zone 3 (c).
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Fig. 12. Operational carbon savings vs. embodied carbon impacts for Zone 1 (a), Zone 2 (b), and Zone (3).
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